Mutations were targeted to the Hprt locus in murine embryonic stem cells by using sequence replacement vectors. When the vector was designed such that the mutated sequences were flanked on both sides by several kilobases of DNA homologous to the target locus, replacement of chromosomal sequences with the exogenous DNA occurred with precision. If, on the other hand, the target-homologous DNA on one arm of the vector was reduced to below 1 kb in length, the fidelity of recombination was diminished.
Gene targeting in mouse embryo-derived stem (ES) cells (22) provides the means to introduce specific mutations into the mouse genome. Analysis of the phenotypes of mice carrying such mutations has provided insight into the biological roles of a number of genes whose functions had previously been only a matter of speculation (3, 4, 8-11, 13, 15-18, 20, 23-25) .
The first step in the gene targeting protocol is to mutate, in vitro, a cloned copy of the gene of interest. The mutated gene, carried on a targeting vector, is then introduced into ES cells, some fraction of which incorporates the exogenous sequences via homologous recombination. The most commonly used targeting vector is the replacement vector, which contains a linear array of wild-type genomic DNA on both sides of the mutated sequence (22) . The vector is thought to pair via shared homology with its chromosomal counterpart, and subsequent homologous recombinationeither a double-reciprocal exchange surrounding the mutation or a gene conversion event-replaces the genomic sequences with sequences from the targeting vector.
The capacity to create predetermined genomic alterations is thus dependent upon the precision of the recombination reaction. Although nonspecific mutagenesis and genomic rearrangements have been shown to accompany homologous recombination (2, 5, 21) , such events have generally not been viewed as problematic because of their low frequency of occurrence. Of over 20 animals generated through replacement vector-mediated recombination, only one contained a recombinant locus which deviated from that expected (23) . In this case, a dimer of the targeting vector was used as one of the reactants, and a tandem duplication of mutant vector sequences replaced the endogenous locus.
The general assumption that replacement vector-mediated recombination proceeds with high fidelity has recently been challenged (7) . This 
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Vectors and cell lines. Construction of plasmid pHPRT9.6neo has been described elsewhere (22) . The ES cell line, CC1.2 (1), was derived by E. Robertson. Transformation of ES cells by electroporation and selection conditions for gene replacement events by using 6-thioguanine (6-TG) and G418 have been published previously (22) .
DNA purification and analysis. ES cell lines resistant to 6-TG and G418 were grown to confluence on a 60-mm plate. The cells were harvested by centrifugation, resuspended in 1.5 ml of lysis buffer (10 mM EDTA, 100 mM NaCl, 1.5% sodium dodecyl sulfate, 20 (Fig. 3C) . 3' to the replaced sequences failed to detect rearrangements of adjacent DNA. The fidelity of the replacement reaction could be altered experimentally, however, by reducing the length of end-terminal homology on the targeting vector. When the vector pRV6.8 was used as a reactant, for example, 5 of 18 recombinants showed an unexpected structure of the targeted locus. Of these, at least 3 contained a structure consistent with the replacement of genomic sequences with sequences from a concatemerized targeting vector.
The difference in recombination fidelity between pRV9.1 and pRV6.8 corresponds to a 2.3-kb difference in Hprt homology on one arm of the targeting vector. It is likely that the reduction in arm length rather than a reduction in the amount of absolute homology between the targeting vector and the target locus is responsible for the rearrangements induced by pRV6.8. In experiments similar to those presented here, we have examined the recombinant products formed by replacement vectors sharing as little as 5.4 kb of total homology with the target locus. When this homology was distributed equally on the two arms of the replacement vectors, no rearrangements in the recombinant products were detected (22; unpublished results).
The minimum length of homology on both arms of the targeting vector necessary for accurate gene replacement may reflect a requirement for stable pairing between the vector and its target. Stability can also be realized by the pairing of a concatemerized vector, as shown in Fig. 3E . Vector concatemerization is presumably the result of extrachromosomal recombination occurring prior to the gene targeting reaction. Under similar experimental conditions, concatemerization of the two vectors, pRV6.8 and pRV9.1, would be expected to occur at a similar frequency. However, because of minimum homology restrictions, a multimer of the shorter vector, pRV6.8, may show an increased recombinogenic advantage with respect to the pRV6.8 monomer, thus increasing the proportion of duplication events following transfection with this vector. The depression of recombinational fidelity caused by a reduced arm length may be compounded if there is also sequence heterology between the vector arm and its target. Such heterologies can be encountered when vector DNA is derived from a VOL. 12, 1992 ,..-lamp mouse strain nonisogenic with that of the target cell line and can vary in degree along the genome. It is possible that such heterology is responsible for the fact that Hasty et al. (7) find an even greater number of rearrangements (95%) when targeting Hprt exon 3 than we report for exon 8 (30%).
Previous observations of such rearranged structures have led to the suggestion (7) that alternative vector designs, such as sequence insertion vectors (22) , may be preferable to sequence replacement vectors in performing targeted gene modification. Insertion vectors are derived from circular DNA by the introduction of a double-strand break within a region of homology shared between the vector and the genomic target. This breakpoint can define the site of a recombination reaction which results in the insertion of the entire vector into the genome. Although replacement and insertion vectors are equally efficient (22) , insertion vectors cause the formation of tandem duplications. Such duplications are unstable and may undergo intrachromosomal recombination, resulting in elimination of the vector sequences and reversion of the locus to its wild-type state. Although these reversions may occur at a low frequency (one in 106 cells [4a , a mouse derived from such cells (and containing over 10 total cells) is expected to experience numerous somatic reversions. The phenotypes of a population of such mosaic animals might vary dramatically. Therefore, if the objective of the targeted modification is to create in a single step a null mutation at a specific locus, the use of an insertion vector in lieu of a replacement vector is not a viable option. Cells containing mutations introduced by replacement vectors, however, do not suffer from such genetic instability, and our results reaffirm the fact that replacement vectors are quite capable of targeting predetermined mutations to the genome of ES cells. 
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